It is perhaps worth noting that whatever the nature of the unpaired electron producing this signal, its coupling with the lattice around it must be rather poor in order to produce a signal as narrow as the one we see, suggesting its location in a rather delocalized pi-type of orbital. It is to be expected that improvements in technique will lead to a more precise identification of the variety of unpaired electrons which almost certainly result from the illumination of the photochemical apparatus in plants.
Although drugs and other toxic substances have been used by man for centuries, it is only in recent years that any clear insight into their mechanism of action has been gained. Current biochemical knowledge and techniques have provided powerful tools for the study of drug action at the cellular and subcellular levels. Such a study of the mechanism of action of pentachlorophenol has been undertaken in the Laboratory of Tropical Diseases. Pentachlorophenol has been used in the field as a molluscicide to control schistosomiasis since 1949. It is also used industrially to suppress the growth of many types of undesirable micro-organisms, and its toxicity to -vertebrates is well documented. Since pentachlorophenol is toxic to a wide range of living organisms, either it is nonspecific in action, affecting a large number of unrelated metabolic processes, or it affects a basic mechanism common to many forms of life. For reasons which will be developed here, it appears that the latter concept is the more likely one.
Since our original interest in pentachlorophenol was concerned with its molluscicidal properties, it seemed desirable to study first the effect of this compound on the over-all metabolism of living snails.
When living specimens of Australorbis glabratus (the intermediate molluscan host of the schistosomes of man in the Western Hemisphere) are exposed to minute concentrations of pentachlorophenol, the drug accumulates and concentrates in their tissues. The tissue concentration reaches a level of 2.5 X 1O-M after 24 hours' exposure to pentachlorophenol at 7.5 X 10 6M (2 parts per million)-.l Paralleling the accumulation of pentachlorophenol in the snail tissues is a pro-VOL. 43, 1957 nounced change in their metabolism. This is seen by analysis of tissues removed from snails after their exposure to the chlorophenol. Pyruvate Data presented elsewhere reveal that pentachlorophenol is a powerful uncoupler of oxidative phosphorylation in snail as well as in rat tissues.9 Again it was observed that oxidation of the substrate (#-hydroxybutyrate) was not impaired by low concentrations of PCP, while the coupled phosphorylation reaction was completely blocked. An important point to be emphasized here is that the same concentration range of PCP that completely uncouples oxidative phosphorylation in the in vitro system is found in the tissues of snails moribund from exposure to the halophenol (2.5 X 10-4 M).
These observations suggested that pentachlorophenol, by denying aerobic exergonic reactions to the organism, caused increased glycolytic activity, as reflected by the increase in lactate and acetate discussed earlier. This may be looked upon as a compensatory mechanism, since glycolysis also leads to net adenosine triphosphate (ATP) synthesis. Such a hypothesis implies that oxidative but not glycolytic phosphorylative reactions are interrupted by PCP in snail tissues. Thus it was necessary to examine the effects of pentachlorophenol on the molluscan enzymes involved in glycolytic phosphorylation.
The results of such experiments revealed that pentachlorophenol in the same concentration range that completely uncouples oxidative phosphorylation, and the same range found in snail tissues after exposure to lethal doses of PCP, has no effect on glycolytic phosphorylation in the in vitro system.9 Similar effects were found with mammalian enzymes.
Pentachlorophenol has other biochemical properties which may be related to its toxicity. A characteristic of most uncoupling agents is their ability to accelerate ATP breakdown in the presence of mitochondria. However, pentachlorophenol, in contrast to dinitrophenol, exerts a dual effect upon the mitochondrial ATPase obtained from either molluscan or mammalian tissues.9' 10 In experiments with rat liver mitochondria whose structure had been destroyed either by acetone or by exposure to sonic oscillation, low concentrations of either dinitrophenol or pentachlorophenol increased the amount of phosphate released from added ATP. 0 However, as the concentrations of the substituted phenols were increased, DNP continued to stimulate ATPase, while PCP was strongly inhibitory. Recently we have obtained similar results with the important physiological phosphatase, myosin ATPase (Table 2) . These experiments suggest that PCP may hinder intracellular transfer of energy-rich phosphates as well as their synthesis. Another unusual biochemical property of pentachlorophenol is its effect on the morphology of mitochondria in vitro. When isolated mammalian or molluscan mitochondria are treated with rather high concentrations of PCP (5 X 10-3 M), there is rapid swelling and subsequent dissolution of these particulates. Dinitrophenol, on the other hand, does not exhibit this effect. Although these gross effects are not observed at lower concentrations of pentachiorophenol, there is some loss of mitochondrial nucleotides and other nitrogenous material into the medium.'0 Since it has been generally observed that alteration of mitochondrial structure rapidly inactivates aerobic phosphorylations, such structural changes may also play a role in the toxicity of pentachlorophenol, especially in the higher concentration range. However, it should be realized that as yet no observations concerning the possible occurrence of such changes in vivo are available. * As summarized in Table 3 , consideration of all the experiments described suggests the following sequence of events concerning the toxicity of pentachlorophenol: In low concentrations (10-6_10-4 M), oxidative phosphorylations are interrupted. This interferes with the aerobic cell's primary exergonic or energy-yielding mechanism. Since glycolytic phosphorylations are not inhibited by these low concentrations, the organism may survive for a limited time through utilization of glycolytic exergonic reactions. However, there is little doubt that uncoupling of oxidative phosphorylation in itself could ultimately prove fatal for an aerobic organism.4 Furthermore, since oxidative phosphorylation is a common biochemical denominator among a large variety of living organisms, interruption of this mechanism could account for pentachlorophenol's wide range of toxicity. At higher concentrations, 10-4O10-1 M, mitochondrial and myosin ATPase are inhibited. Although the physiological role of mitochondrial ATPase is obscure, the inhibition of myosin ATPase suggests interference with phosphate transfer and possibly muscle function. At 10-3 M and higher, glycolytic as well as oxidative enzymes are completely suppressed, with rapidly fatal results. At these higher concentrations, changes in morphology of the particulate elements of the cell also may occur, as suggested by the gross damage to mitochondrial structure in the in vitro experiments.
In any consideration of the mode of drug action, it must be borne in mind that several mechanisms may be in operation at once and that it is unlikely that any compound is so selective as to react with only one enzyme or enzyme system. Thus, yet to be elucidated is the mechanism by which pentachlorophenol exerts its lethality on certain organisms under anaerobiosis, where aerobic exergonic reactions are nonexistent. This must remain a problem for the future.
